We report on the formation of calcium phosphate multi-laminated spherules via a polymer-induced liquidlike precursor (PILP) process. In this non-classical crystallization route, the precipitation of liquid-like amorphous calcium phosphate (ACP) particles is promoted using anionic polypeptide additives, and these droplets coalesce to form globules that later crystallize into spherulites. During crystallization of the amorphous globules, the polymer additive, as well as the waters of hydration, is excluded ahead of the crystallization front, but some polymer becomes entrapped within diVusion-limited zones. This results in the formation of concentric laminations with layers of variable density from organic-rich inclusions. The striking resemblance of these spherules with the crystals of the Randall's plaque and other laminated stones suggests that such biological structures may form via an amorphous precursor process as well. Given the organic-rich environment present in the urinary tract, one might expect a large amount of organic materials to become entrapped within the stratiWed zones of a forming stone during this type of solidiWcation and transformation process.
Introduction
The formation of minerals via an amorphous precursor phase is well documented in the Weld of biomineralization [1] [2] [3] [4] [5] [6] . In this non-classical crystallization route, the initial precipitates can dictate the shape of the mature minerals if the amorphous phase undergoes a pseudomorphic transformation (i.e., crystals retain the shape of the prior phase), as is observed in certain calcium carbonate-based biostructures, e.g. the larval stages of the sea urchin spicules and mollusk shells [6] [7] [8] , where the minerals are comprised of mostly amorphous calcium carbonate (ACC) during their early development. This amorphous phase is unstable, but is induced or stabilized by proteins [9] until it transforms into the thermodynamically stable calcite or aragonite polymorph. The presence of an amorphous precursor in the calcium phosphate-based biominerals has been an issue of debate, where the early literature found evidence of an amorphous precursor in bone [1, 10] and turkey tendons [11] . This concept has been revived in recent reports [12] , and veriWed when an amorphous calcium phosphate (ACP) precursor was demonstrated in zebraWsh Wn bones [13] , where granular ACP particles crystallize into platelets of hydroxyapatite. Such transformations might also include an intermediate phase, such as octacalcium phosphate, as has been described for bone formation [14] .
Using an in-vitro model system, we and other labs have studied and utilized a polymer-induced amorphous precursor [15] as a transient (but necessary) phase to form calcium carbonate [16] [17] [18] [19] [20] [21] and calcium phosphate [12, 22] structures that have striking resemblance, in morphology and crystallographic makeup, to those found in nature. Here, we report the formation of multi-laminated calcium phosphate spherules, synthesized from a polymer-induced liquid-precursor, or PILP phase, which appear similar to those observed in the calcium phosphate deposits in the basement membrane of the thin loop of Henle in the kidneys [23] . These multi-layered biominerals, also known as Randall's plaques, consist of alternating strata of organic-and inorganic-dense materials [24] that are believed to serve as attachment sites for calcium oxalate overgrowths to form into kidney stones [25] [26] [27] . Although the synthesis of the laminated spherules (or spherulites) of calcium phosphate has been previously reported before by Bigi et al. [28] , the reference to the formation of these spherulitic structures from an amorphous precursor is not discussed. A deeper understanding of the formation of these spherules using this invitro model system may provide important information to the mechanisms involved in pathological biomineralization.
Experimental section

Materials
Sodium bicarbonate (NaHCO 3 ), calcium acetate monohydrate (Ca(CH 3 COO) 2 ·H 2 O), sodium phosphate monobasic (NaH 2 PO 4 ·H 2 O), sodium chloride (NaCl) were purchased from Fisher. Poly-L-aspartic acid (MW vis 10300) was bought from Sigma. An anionic phosphorylated peptide, [DEPs] 6 D, was synthesized via a solid phase Fmoc chemistry [29] . High purity 18.2 M deionized water was used for all solutions.
Calcium phosphate mineralization
Separate stock solutions of 12 mM Ca(CH 3 COO) 2 ·H 2 O and 12 mM NaH 2 PO 4 ·H 2 O were prepared. The ionic strength of each solution was maintained at 36 mM using NaCl. The pH was set to 6 using dilute HCl or NaOH. Equal volumes of the solutions were mixed by slow dropwise addition of the phosphate-containing solution to the Ca 2+ -solution at 80°C. Prior to the addition, diVerent amounts of poly-L-aspartic acid were added to the Ca 2+ -containing solution. The total volume of the mixture was »25 mL. There was no mechanical stirring during precipitation.
Structural characterization
Scanning electron micrographs were taken using a JEOL 6400 scanning electron microscope. For the as-synthesized samples, the precipitates were mounted on aluminum stubs and coated with gold. Some precipitates were coated with carbon and platinum and then sequentially milled with a Focused Ion-beam Dual-beam Strata DB235 to view the cross-section of the spherules. Polarized optical microscopy with a Wrst-order red -plate was performed using an Olympus BX-60 optical microscope equipped with an MTI 3CCD camera.
For X-ray diVraction analysis, the precipitates were Wltered through a 0.22 m pore size Wlter (Millipore) and subsequently washed with water. The precipitates were then air-dried and immediately characterized using a Philips APD 3720 X-ray diVractometer with CuK radiation, using a step size of 0.01° with a time of 2 s/step. QuantiWcation of the crystalline calcium phosphate present in the precipitates was done using the Rietveld method (see supporting information).
Results and discussion
Calcium phosphate polymorphs
The polymorph of the calcium phosphate phases formed at diVerent concentrations of the anionic poly-L-aspartic acid (PD) is presented in the XRD data in Fig. 1 . The precipitates that were synthesized in the absence of the organic additive can be indexed to hydroxyapatite, HA (ICSD 09-432), with the main peak centered at 31.8° (2 ) . An increase in the concentration of the PD during the synthesis resulted in a simultaneous increase in the formation of octacalcium phosphate, OCP (ICSD 26-1056), and a decrease in the HA phase. This is clearly seen in the enhancement of the 4.7° (2 ) peak associated with OCP and the decline of the 31.8° (2 ) peak associated with HA. Rietveld analysis of the XRD data in Fig. 1 was performed to determine the relative compositions of these crystalline phases as a function of the polypeptide additive (Fig. 2) . In the absence of PD, 100% HA (0% OCP) was observed. This decreased to »76% HA (24% OCP) as the PD was increased to 50 g/ mL. Not only was the relative composition of the crystalline calcium phosphate varied with increasing PD, the occurrence of an amorphous calcium phosphate (ACP) phase became more prevalent, as manifested in the increase of the broad peak at »18° (2 ) in the XRD data (arrow in Fig. 1 ). It has to be pointed out that the XRD sample preparation was consistent in all of the runs, making sure that an appropriate amount of the synthesized calcium phosphate was packed on the glass sample holder to eliminate possible X-ray interaction from the amorphous substrate of the sample holder.
Polymer eVect on the spherule morphology Micrographs of the synthesized calcium phosphate as a function of PD concentration are presented in Fig. 3 . For samples grown in 10-50 g/mL PD, the precipitates were polycrystalline with spherulitic morphology, as evidenced by the Maltese-cross extinction patterns under cross-polarized light (Fig. 3b-d) . A gypsum -plate was used in order to examine both amorphous and crystalline materials. Isotropic material will appear magenta in color, so the cross is less pronounced, but the orange and blue quadrants are characteristic of the spherulitic structure as well. A schematic representation of the Maltese cross for one of the calcium phosphate spherules is depicted in the inset in Fig. 3c . The dimensions of the particles were often larger than 20 m, which can be seen in the scanning electron micrographs (Fig. 3f-h ). The samples synthesized without PD, which grow no larger than 10 m (Fig. 3a, e) , did not distinctively exhibit a Maltese cross because they were rough and exhibited a brown/black color under the polarized light (Fig. 3a) that made it diYcult to observe an extinction cross. However, upon a digital magniWcation of one of the larger particles, a very faint extinction cross is observed (inset, Fig. 3a) , indicating the polycrystallinity and spherulitic nature of the samples.
The spherulites formed at larger amounts of PD (20-50 g/mL) were less spherical and had a tendency to form Wlm-like precipitates. These Xattened spherules may be due to the deposition of the PILP droplets at the bottom of the crystallization dish (Fig. 3f) , as has been observed in the CaCO 3 PILP system. Note that during the synthesis of the precipitates, no stirring was performed, which allowed for settling of the precipitates; stirring likely would have led to more spherical 3-dimensional precipitates. There were some samples, particularly those synthesized at 50 g/mL PD, where non-or weakly birefringent Wlms were starting to transform into highly birefringent samples (Fig. 3d and Supporting Figure 1 ). This is attributed to the crystallization of the amorphous calcium phosphate precursor, which was observed via XRD to be abundant at high concentrations of PD.
"Molten" spherules A close inspection of the calcium phosphate samples grown at 20-50 g/mL PD concentration shows concentric laminations and tangential striations (Fig. 4) . The peculiar precipitate in Fig. 4b appears to have developed from the Xow of a liquid-like precursor. Such "molten" structures are not observed at low concentrations of PD (0-10 g/mL), suggesting that the liquid-like precursor is induced or stabilized more eVectively at higher PD concentrations.
The evolution of the molten spherulite structure is demonstrated in Fig. 5 , where the precipitates were extracted from the crystallization solution at diVerent reaction times. Fig. 5a ) start to coalesce to form larger structures. A similar agglomeration process has been observed in the formation of spherulites of vaterite in the CaCO 3 system [30] . At this point, the structures are non-birefringent, and do not exhibit any lamination or striation. The samples taken out after 15 min of precipitation are larger, birefringent and striated, with an appearance of having "Xowed" during the crystallization process (Fig. 5b) . Note that the samples contain regions with smooth and rough textures. Samples that were taken after 30 min of the reaction typically exhibited rougher texture and more distinct polycrystalline grains (Fig. 5c) as they became crystalline.
The formation of layered textures in the spherules is believed to be caused by the incorporation of the polymer within the structures. The initial amorphous liquid-like precursor contains a high concentration of the polypeptide additive [31] . As this molten structure transforms into its stable crystalline state, the organic additive is excluded, but some of it becomes entrapped due to transport limitations within the solidifying amorphous phase, thus generating concentric laminations and striations. The exclusion of polymer in diVusion-limited periodic zones has been directly observed in the CaCO 3 Wlms formed by a PILP phase using Xuorescently labeled PD [32] . Unfortunately, the samples here were too thick to distinguish any diVerence in the amount of polypeptide within the diVerent zones due to the complexity of these three-dimensional globular samples; but the more porous layers likely result from the enrichment of polymer and water in those zones.
The exclusion of the polymer during the transformation of the amorphous phase also results in the roughening of the precipitates, which occurs from the core to the periphery of the spherules. This is seen in the progressive cross-sectional analysis of a spherulite shown in Fig. 6 , where two smooth regions are highlighted. Notice that the sliced sections of the spherule show that the smooth region is observed at the periphery while the coarse region is observed at the core (Fig. 6b, c) . The roughening of the spherule may not encompass the whole particle, as smooth regions may remain at the outer layer of the sample, perhaps protected by an accumulation of polymer, as has been observed for CaCO 3 spherules [32] .
Spherules using synthetic peptides
Utilizing the same crystallization technique, an anionic phosphorylated peptide with a sequence of [DEPs] 6 D was used instead of PD, where D denotes aspartic acid, E glutamic acid, and Ps phosphoserine. This peptide is a mimic of the phosphorylated sequence in some proteins that are thought to be important in the calcium phosphate-based biomineral formation [33, 34] . Similar to the eVect of PD on the development of the spherules, at low concentration of the peptide (10 g/mL), spherical precipitates were formed (Fig. 7a, d ), while at high concentrations (20-50 g/mL), large molten spherulitic structures were produced (Fig. 7b-c, e-f) . Also, weakly birefringent Wlms observed under polarized light were stabilized at high concentrations of the peptide (Fig. 7b-c) .
Implication to Randall's plaque and kidney stone formation
The ability to mimic various biomineral features via a polymer-induced liquid-like precursor has been extensively explored with calcium carbonate and calcium phosphate biominerals [12, [15] [16] [17] [18] [19] [20] [21] [22] 35] . The polymer plays an important role in stabilizing the amorphous precursor, which can either undergo a dissolution-recrystallization event into the more stable equilibrium morphology [30, 36] or undergo a pseudomorphic transformation [15] , where the waters of hydration and organic additives are driven out while maintaining the over-all morphology of the precursor. Based on the micrographs presented in this paper, it is likely that the formation of the multi-laminated calcium phosphate spherules occurs primarily via the latter crystallization route, where the structures formed seemed to solidify and crystallize from the amorphous precursor (although there appears to be partial recrystallization, which forms the conventional platy habit of the polycrystals). The transformation appears to proceed from the core to the periphery of the spherules, thereby roughening the precipitates from the inside out. The exclusion of the organic additive is transport-limited, which entraps the organic additive within concentric layers of the spherules. Due to the similarity of the synthetic spherules presented here to the multi-lamellar structures of the Randall's plaque, we suggest that the formation of these pathological deposits may occur via a polymer-induced liquid-precursor phase in vivo. There are many anionic proteins in the urinary environment that might be able to induce such an amorphous phase, such as osteopontin for example, which is observed in close association with the crystals of Randall's plaque [24, 37] . With the abundance of other organic molecules present in urine, e.g. proteins, lipids and carbohydrates [38] [39] [40] , which may be adventitiously adsorbed and then excluded to form lamellae during the pseudomorphic transformation of the biomineral, a multi-lamellar spherule structure with alternating organic-and crystal-dense layers may be formed, as observed in the electron micrographs of these plaques [24, 25] . The inability to observe the organicrich layer in our biomimetic spherules is because of the relatively low concentration of additive present in our crystallization medium (only micromolar quantities were used to induce the PILP process). In the urinary environment, organic materials could feasibly reside in these organicenriched zones if the crystallization proceeded via an amorphous precursor. Because of the natural radial growth pattern found in spherulites, the crystallites within the structures are typically oriented at 90° with respect to the concentric lamellae. This morphological feature may have been misinterpreted as an "epitaxial" relationship between the organic-rich lamellae and the inorganic crystallites in the Randall's plaque [38, 41] , especially when there is a seemingly perpendicular relationship between these two alternating layers. However, this apparent epitaxy is incidental, as the crystallites within spherules would be radial in their growth regardless of an existing organic lamella. In other words, these multi-laminated structures may not arise from episodic deposition of mineral and organics, but from one initially formed globule that subsequently breaks down into layers as it crystallizes. Although it has been observed that the Wnal crystallographic phase of the Randall's plaque is apatite, it is not certain as to what mineral stage of the spherule, e.g. ACP, OCP or HA, eVectively serves as the substrate for the subsequent calcium oxalate mineralization. Studies are currently under way in our lab to answer this fundamental question by utilizing the molten calcium phosphate structures as substrates for calcium oxalate overgrowth, as we strive to develop a model system of the core-shell calcium phosphate-calcium oxalate urinary stones. 
